1994.-The present investigations determined the effects of dietary sodium deprivation on the neurohypophysial secretion of arginine vasopressin (AVP) and oxytotin (OT) by rats in response to nonhypotensive hypovolemia induced by subcutaneous injection of 30% polyethylene glycol solution. In rats fed either standard sodium-rich laboratory chow or sodium-deficient diet for 8 days, AVP secretion increased gradually in proportion to plasma volume deficits up to 22-28% while pituitary secretion of OT was not stimulated. However, when hypovolemia was more pronounced, secretion of both hormones was marked in rats fed standard chow, whereas rats fed sodium-deficient diet were significantly less responsive. These effects did not reflect a general insensitivity of the neurohypophysial system because sodium-deprived and chow-fed rats secreted AVP and OT equivalently in response to intravenous infusion of 1.5 M NaCl solution.
Nor did they reflect a general insensitivity to hypovolemia because sodiumdeprived rats drank substantial, above-normal volumes of water after colloid treatment.
Instead, the results appear to reflect a specific inhibition of stimulatory baroreceptor inputs to AVP and OT neurons during dietary sodium deprivation in rats.
osmoregulation; thirst; volume regulation PLASMA VOLUME DEFICITS are known to stimulate neurohypophysial secretion of arginine vasopressin (AVP) and oxytocin (OT) in rats maintained on standard sodiumrich chow (5,24). Previous studies from our laboratories showed that maintenance of rats for 2 days on sodiumdeficient diet slightly raised the threshold of hypovolemia above which substantial secretion of AVP and OT occurs (20) . The present studies extend that earlier work by examining neurohypophysial hormone secretion in response to hypovolemia in rats maintained for 8 days on sodium-deficient diet. Our results indicate that secretion of both AVP and OT in response to severe hypovolemia is markedly blunted in rats after such prolonged dietary sodium deprivation, and furthermore that this inhibition appears to be specific for baroreceptor rather than osmoreceptor stimulation of the neurohypophysis.
METHODS
Subjects and pretreatment maintenance. The animals used were adult male albino rats of the Sprague-Dawley strain (Zivic-Miller , All' ison Park, PA), weighing between 275 and 325 g at the beginning of the experiment.
They were housed in individual wire-mesh metabolism cages in a temperaturecontrolled room (22-24"C), in which lights were on between 800 A.M. and 800 P.M. Purina chow pellets (Na content 150 meq/kg) and tap water were available continuously except as noted.
Procedures. Rats were maintained in the laboratory for at least 1 wk before experiments began. In experiment 1, 24 rats were fed pelleted laboratory chow for 8 days while 26 rats were maintained on a pelleted sodium-deficient diet ( < 0.01 meq Na/kg; Teklad, Madison, WI). In the latter group, voided urine was collected daily during the deprivation period, and its sodium concentration was measured by a sodium-sensitive electrode (Beckman Electrolyte Analyzer II; Beckman Instruments, Fullerton, CA). On the ninth day, food and water were removed from the cages, and all rats were injected subcutaneously in the middle of the back with 5 or 10 ml of 30% polyethylene glycol solution (PEG; Carbowax, compound 20-M, Union Carbide). Rats were killed by decapitation l-7 h later. Blood samples also were taken from 13 control rats fed chow (n = 6) or sodium-deficient diet (n = 7) for 8 days but not given PEG treatment before decapitation. Trunk blood was collected in heparinized borosilicate tubes (143 U heparin sodium, Vacutainer, Becton-Dickinson, Rutherford, NJ) and centrifuged at 4°C within 20 min (3,000 g for 7 min). Aliquots of plasma were withdrawn for measurement of plasma protein concentration by refractometry and plasma levels of AVP and OT by radioimmunoassay, using methods described previously (30).
Ten other rats were sodium deprived for 16 days (n = 7) or 24 days (n = 3) before treatment with 30% PEG solution. They were killed 7 h later, and blood samples were collected and analyzed as above.
An additional six rats were maintained on sodium-deficient diet for 8 days before treatment with 30% PEG solution, to determine the effects of the induced hypovolemia on arterial blood pressure and heart rate. On the day before testing, rats were anesthetized with halothane for implantation of a femoral arterial catheter, the free end of which was passed subcutaneously up the back to exit between the scapulae. The rats were fitted with a jacket that was connected to a tether and swivel system (Harvard Apparatus), and then they were placed in a cylindrical cage that allowed free movement during the recording period. The next day rats were injected with 30% PEG solution (5 ml SC) and placed in their cages (which contained no food or water), and pulsatile arterial pressure and heart rate were recorded by connecting the arterial line through the swivel to a pressure transducer that was connected to a polygraph (Grass Instruments, Quincy, MA). Measurements were made continuously for 6 h, after which rats were killed by decapitation, and trunk blood was collected for determination of plasma protein concentration. Such PEG treatment gradually produces a dose-related reduction in plasma volume by disrupting the Starling equilibrium and sequestering extracellular fluid into a local edema. The induced plasma volume deficits were estimated according to the formula (PP2 -PPi)/PPz, derived elsewhere (17), in which the plasma protein levels observed after PEG treatment (PP2) were compared with values obtained in untreated control rats (PPi).
In experiment 2, rats were fitted with an indwelling jugular venous catheter, described previously (27). They were then before receiving a continuous intravenous infusion of 1.5 M NaCl solution (1 ml/h). Food and water were removed from their cages during the 4-h infusion period. The infusion was interrupted briefly at hourly intervals so that blood samples could be obtained (1.0 ml, which equaled the volume of 1.5 M NaCl infused during the preceding hour). The collected blood was centrifuged, and aliquots of plasma were withdrawn for measurement of plasma sodium concentration ([Na+]> by a sodium-selective electrode, and of AVP and OT by radioimmunoassay.
In experiment 3, rats were maintained on standard chow or sodium-deficient diet for 8 days (n = 11 and 16, respectively) before receiving 5 ml of 30% PEG solution subcutaneously. Food was removed from their cages, but animals were allowed access to tap water, and intakes were measured (kO.2 ml) hourly for 7 h.
StatisticaL anaZyses. The values reported are means t SE. Regression lines and correlation coefficients (r) in experiments 1 and 2 &ere computed by the method of least squares. Data in experiment 3 were analyzed by analysis of variance. The required level for significance was considered to be P < 0.05.
RESULTS

Cumulative
sodium loss in urine during the &day period of maintenance on sodium-deficient diet was 1.5-2.3 meq, virtually all of which occurred during the first day or two of dietary sodium deprivation. Baseline concentrations of sodium, AVP, and OT in plasma were not significantly affected by this renal sodium loss, whereas plasma protein levels were slightly elevated (Table 1 tained on laboratory chow, plasma levels of AVP and OT increase exponentially in relation to the induced hypovolemia (as reflected in the observed increase in plasma protein concentration above levels seen in untreated control rats). The open symbols indicate that those observations can be extended to rats maintained on sodium-deficient diet for 8 days. However, the semilog regression lines relating plasma AVP and OT levels to plasma volume deficits in rats fed standard chow were much more steep than the lines derived from sodiumdeprived rats (see Fig. 1 legend; both P values < O.OOl), thus indicating that dietary sodium deprivation blunted secretion of both neurohypophysial hormones in response to the induced hypovolemia. Plasma levels of the hormones increased most markedly when plasma protein concentrations exceeded -8.5 g/d1 (i.e., estimated plasma volume deficits > 22-28%). At smaller deficits (i.e., plasma protein concentrations <8.5 g/dl), AVP secretion increased gradually (r = 0.82, P < O.OOl>, whereas OT secretion remained unchanged (r = -0.003, W
In Fig. 2A , plasma AVP and OT values from individual PEG-treated rats fed either diet were plotted on the same graph. Only values from rats with plasma protein concentrations > 8.5 g/d1 were included because AVP and OT appeared to be coreleased under these circumstances.
There was no statistically significant difference between the regression lines relating secretion of the two hormones as a function of dietary pretreatment.
Thus maintenance on sodium-deficient diet produced a comparable inhibition of AVP and OT secretion elicited by hypovolemia.
When rats were deprived of dietary sodium for 16 or 24 days before treatment with 30% PEG solution, their AVP and OT responses to the induced plasma volume reduction were similar to those of rats maintained on sodium-deficient diet for only 8 days. Thus plasma levels of AVP (19.1 t 2.0 pg/ml) and OT (52.2 t 4.3 pg/ml) in association with plasma protein concentrations of 10.5 t 0.1 g/d1 conformed to the individual data points (open triangles) displayed in Fig. 1 , and the relation between the circulating levels of the two hormones resembled that displayed in Fig. 2 In rats deprived of dietary sodium for 8 days before PEG treatment, arterial pressure and heart rate fluctuated within the normal range seen with untreated conscious rats. There were no marked hypotensive periods during the 6-h period of observation after PEG treatment, at the end of which mean arterial pressure was 118 -+ 3 mmHg (range 104-124 mmHg) and heart rate was 440 t 10 beats/min (range 400-475 beats/ min); these values are comparable to those observed in PEG-treated control animals (115 t 3 mmHg, 439 t 14 beats/min, n = 11; from Ref. 15). Plasma protein concentrations were 10.3 t 0.2 g/d1 (range 9.1-11.2 g/ dl) , indicating severe hypovolemia.
Experiment 2. The results of experiment 1 may reflect some general inhibitory effect of dietary sodium deprivation on the secretion of neurohypophysial hormones in rats. To test this hypothesis, we studied the effects of administering hypertonic NaCl solution on AVP and OT secretion after rats had been maintained either on standard chow or sodium-deficient diet for 8 days. Administration of hypertonic NaCl solution is known to stimulate secretion of the two hormones in rats maintained on standard chow, in proportion to the induced hyperosmolality (1, 5, 24) . The present studies repli- cated those findings and further showed that comparable increases in AVP and OT secretion were stimulated by the induced hyperosmolality in rats previously fed sodium-deficient diet for 8 days. In both groups of rats, infusion of hypertonic NaCl solution produced similar, progressive elevations of plasma [Na+], as expected. More importantly, plasma levels of AVP and OT increased linearly as a function of plasma [Na+], with a threshold of N 140 mM NaCl in the two groups (Fig. 3) .
When plasma AVP and OT levels from individual NaCl-loaded rats were plotted on the same graph, it was evident that the relation between these hormonal responses was unchanged by the dietary pretreatment (Fig. 2B) . However, the regression line relating these values was significantly more steep than the line relating the hormonal responses of rats to PEG-induced hypovolemia (P < 0.001; Fig. 2A) .
Experiment 3. The marked blunting of neurohypophysial hormone secretion in response to PEG treatment may reflect a general insensitivity of sodium-deprived rats to plasma volume depletion. To test this hypothesis, we studied the effects of administering 30% PEG solution on water intake, after rats had been maintained either on standard chow or sodium-deficient diet for 8 days; hypovolemia induced by PEG treatment is known to elicit a dose-related thirst in rats (17). Figure 4 indicates that both groups showed comparable increases in water intake during the 7-h period of observation. Indeed, throughout the test period sodium-deprived rats actually drank more water than rats fed standard chow (P < 0.005).
DISCUSSION
The present experiments studied the effects of hypovolemia on neurohypophysial hormone secretion in rats. As in previous studies, we used PEG treatment rather than hemorrhage to induce plasma volume deficits in order to avoid acute hypotension and hypoxia associated with loss of erythrocytes, which may stimulate posterior pituitary secretion independently of volume depletion. The induced plasma volume deficits were especially pronounced in the sodium-deprived animals; indeed, we have never observed plasma protein concentrations > 10.5 g/d1 when measured 7 h after PEG treatment in rats maintained previously on standard sodium-rich laboratory chow, no doubt because ample interstitial fluid in these animals buffered the effects of the colloid. Nevertheless, after pretreatment maintenance on sodium-deficient diet for 8 days, the secretion of AVP and OT in response to such severe hypovolemia was significantly attenuated in comparison with the effects obtained in PEG-treated rats fed standard chow.
The AVP response to moderate hypovolemia was normal in sodium-deprived rats. This relatively small secretion of AVP is more than adequate to promote an adaptive antidiuresis, given the sensitivity of renal AVP V2 receptors to small increases in AVP (814). In rats fed standard chow, AVP secretion increased rapidly when plasma volume deficits exceeded 22-28%, as reported previously (5, 24), and this heightened response also is adaptive because in large amounts AVP can act on AVP V1 receptors in peripheral blood vessels to cause vasoconstriction (4). It is this latter portion of the AVP response to hypovolemia that is markedly attenuated by 8 days of dietary sodium deprivation. Because sodium-deprived rats are known to have enhanced renin secretion in response to hypovolemia, they may therefore use angiotensin instead as the principal pressor agent when plasma volume deficits are extreme (7,9).
The exponential increase in AVP secretion after PEG treatment allowed the possibility that it had two stimulatory components, one arising from low-pressure cardiopulmonary baroreceptors and eliciting relatively small AVP secretion suitable for antidiuresis, and one arising from high-pressure sinoaortic baroreceptors and eliciting more pronounced AVP secretion capable of causing vasoconstriction.
However, the present results indicate that PEG treatment does not actually cause sustained arterial hypotension in rats, in confirmation of previous reports (15, 19). Furthermore, recent experiments indicate that AVP secretion is stimulated by hypovolemia even in rats with lesions of the nucleus tractus solitarius (15), the site of baroreceptor input into the brain stem. Thus these neural signals likely are not necessary for the neurohypophysial response. Alternatively, angiotensin may have provided an important stimulus to the AVP secretion observed during hypovolemia in the sodium-deprived rats (10, 16). It seems unlikely that angiotensin contributes substantially to AVP release elicited by volume depletion in rats maintained on sodium-rich standard chow because stimulated renin secretion is relatively low then; however, renin release is greatly enhanced by pretreatment maintenance of rats on sodium-deficient diet (7, 9), and therefore after PEG treatment circulating angiotensin may have been present in sufficiently large amounts to stimulate AVP secretion then. Direct examination of this hypothesis awaits investigation.
In apparent contrast to AVP secretion, the present studies indicate that plasma OT levels were not significantly elevated in hypovolemic rats when plasma protein concentrations remained below 8.5 g/dl. Similarly, inspection of individual data points in other studies reported previously does not suggest that OT is secreted during this early portion of the stimulus-response curve (20,241
Thus'it seems likely that neurohypophysial OT and AVP are not coreleased in PEG-treated rats when the induced hypovolemia is modest. In this regard, it is not obvious why OT should be secreted in response to plasma volume deficits because at physiological plasma levels OT is a potent natriuretic hormone in rats (29), and increased urinary sodium loss would be maladaptive during hypovolemia. On the other hand, OT secretion definitely increased in association with severe hypovolemia in rats, in confirmation of previous reports (20,24), and plasma OT levels rose rapidly to very high levels. Similar to AVP secretion, however, this OT secretion was significantly blunted in rats maintained previously on sodium-deficient diet in comparison to the response obtained in rats maintained on standard chow. It is not clear what stimulates OT secretion under these circumstances, although angiotensin again may be an important factor in the sodium-deprived rats (6, 11). It also is not clear what function, if any, is served by OT secretion during such severe hypovolemia.
OT appears to have variable but relatively small degrees of cross-reactivity with AVP V1 receptors in different species (13), so for a pressor effect even greater amounts of the peptide would be needed than are secreted. Note, however, that OT secretion during pronounced hypovolemia does not cause urinary sodium loss in colloid-treated rats (21), in part because of the more potent antinatriuretic effects of aldosterone (29), which also is secreted in increased amounts during PEG-induced hypovolemia (23), and additionally because the glomerular filtration rate is substantially reduced when hypovolemia is severe (3).
The studies of sodium-deprived rats given hypertonic saline infusions indicate that the marked blunting of OT and AVP secretion in response to hypovolemia does not reflect a general insensitivity of the neurohypophysial system to stimulation.
Rats maintained on sodiumdeficient diet for 8 days showed normal secretory responses to the administered NaCl load, both with regard to the threshold for such stimulation and the slope of the regression lines relating plasma peptide levels to plasma sodium concentration (27) . Although the secretion of each hormone is much smaller in magnitude after the salt load than during hypovolemia, nevertheless the observed increases in their plasma levels are sufficient to provide adaptive osmoregulatory responses to the induced elevation in plasma sodium concentration and osmolality. In this situation, AVP serves to produce antidiuresis while OT promotes natriuresis, thereby maintaining osmotic homeostasis. Interestingly, the ratio of plasma OT to AVP was much steeper after the salt load than the PEG treatment, suggesting that OT may play a greater physiological role as a natriuretic hormone when dehydration is associated with hypernatremia and plasma volume expansion.
The blunted neurohypophysial response to severe plasma volume deficits does not reflect a general insensitivity of the sodium-deprived rat to pronounced hypovolemia, because after PEG treatment rats maintained previously on sodium-deficient diet drank water normally. In fact, they tended to drink somewhat more water than rats fed standard chow throughout the test period. Thus the sodium-deprived rats clearly can detect the induced depletion of plasma volume. Previous investigations have suggested that the thirst elicited by PEG treatment is largely mediated by afferent input from atria1 baroreceptors, with perhaps a small stimulation from circulating angiotensin (12, 18, 19) . The increased water intake of sodium-deprived rats after PEG treatment might reflect a greater contribution to thirst from angiotensin, although it more likely results from increased plasma volume deficits due to the diminished availability of interstitial fluid to buffer PEG-induced hypovolemia (23).
In summary, neurohypophysial hormone secretion in response to severe hypovolemia is substantially blunted in rats maintained on sodium-deficient diet for 8 days. A relatively small AVP response suitable for antidiuresis remains unaffected by this dietary regimen, but the larger AVP response required for vasoconstriction is attenuated until plasma volume deficits are very pronounced. Similarly, there is a marked inhibition of OT secretion in response to severe hypovolemia, as well. The blunted neurohypophysial responses to hypovolemia do not reflect general insensitivity either of the neurohypophysis to stimulation or of the sodiumdeprived rat to hypovolemia. The mechanism by which prolonged maintenance on sodium-deficient diet produces this specific change in neurohypophysial hormone secretion in response to hypovolemia, as well as the physiological consequences of this phenomenon, remains to be determined.
Perspectives
Pituitary OT secretion has been associated with the inhibition of salt appetite in rats; however, it is not circulating OT that inhibits salt appetite but OT released within the brain from parvocellular neurons in the hypothalamic paraventricular nucleus, which are thought to be coactivated with magnocellular neurons projecting to the pituitary (2, 26). The possibility that dietary sodium deprivation suppresses activity in these central OT neurons as it apparently does in the magnocellular neurons is consistent with our recent findings that rats fed sodium-deficient diet for 8 days develop a large spontanequs appetite for concentrated NaCl solution (22). Similarly, salt appetite also is robust in rats given other treatments that reduce OT secretion from the pituitary (and presumably from parvocellular OT neurons, as well), such as adrenalectomy and daily injections of deoxycorticosterone (25). These and related findings support the hypothesis that by mediating inhibition of NaCl intake, central secretion of OT complements the natriuretic effects of OT released from the pituitary, and acting together they constitute important components of the mechanisms by which osmotic homeostasis is maintained in rats (28). 
